Lipofuscin pigment, a terminal oxidation product, accumulates within cells during the normal aging process and under certain pathological conditions. We have analyzed a genetic cross between two inbred mouse strains, BALB/cJ and a subline of C57BL/6J, which differ in lipofuscin deposition. A comparison of the segregation pattern of cardiac lipofuscin with the albino locus (c) on mouse chromosome 7 revealed complete concordance. Analysis of spontaneous mutants of the tyrosinase gene, encoded by the albino locus, confirmed that the tyrosinase gene itself controls lipofuscin formation. Genetic analysis of other strains indicated that one or more additional genes can contribute to the inheritance of lipofuscin. We also present evidence for an association between cardiac lipofuscin deposition and aortic fatty streak development in the mouse. (J. Clin. Invest. 1993. 92:2386-2393
Introduction
Using bright field illumination, lipofuscin pigment appears as irregular yellow-brown granules within cells in unstained tissue sections. The pigment consists of terminally oxidized polyunsaturated lipid and protein complexes, in associations involving Schiff base formation. Such complexes result in part from the reaction of malondialdehyde, a product of lipid peroxidation, with phospholipids, nucleic acids, or primary amino groups ofproteins (1) (2) (3) . Oxidative stress appears to play a key role in lipofuscin formation. For example, increases in oxygen and iron concentrations act synergistically to induce lipofuscin deposition in cultured rat myocytes (4, 5) . Similarly, high intake ofpolyunsaturated fatty acids (6) or deficiency ofantioxidants, such as vitamin E (7, 8 ) , increases the rate of lipofuscin formation in tissues of experimental animals. In human nerve cells, a positive correlation between the deposition of lipofuscin and the activity of certain oxidative enzymes has been observed (9) . Lipofuscin can accumulate in a variety of tissues and cell types (10) , and is associated in some cases with pathological conditions ( 1, 11 ). For example, varying amounts oflipofuscin occur in the myocardium of most adults. In myocardial fibers, the pigment accumulates around nuclei and is frequently associated with mitochondria. It has been suggested that the resulting nuclear damage may reduce the capacity for protein synthesis and mitochondrial replacement, thereby contributing to heart failure during stress ( 1 ) . Lipofuscin also occurs in macrophages in atherosclerotic lesions; however, the significance of pigment deposition in fatty streaks and atherosclerotic plaques is unknown (11) .
The tendency to form lipofuscin appears to be determined in part by genetic factors ( 12) . We have previously reported that certain strains of mice develop lipofuscin on the aortic valve leaflets ( 13) . We now show that cardiac lipofuscin is genetically determined among inbred strains ofmice. We demonstrate that pigment formation is controlled by the tyrosinase gene, as well as one or more additional genes. Finally, we provide evidence for a link between the development oflipofuscin and early atherosclerotic lesions (fatty streaks).
Methods
Animals and diets. All strains of mice were purchased from The Jackson Laboratory (Bar Harbor, ME) except C57BL/ lOScSnA and C3H/ DiSnA, which were obtained from Dr. Peter Demant (Amsterdam, The Netherlands). Genetic Fl and F2 crosses between strains BALB/ cJ and B6.C.H-25c were performed in our laboratory using B6.C.H-25C females and BALB/cJ males as parents. The congenic strain, B6.C.H-25c, is identical with C57BL/6J except for a small region of mouse chromosome 1 containing the H-25C gene ( 14) . Animals were fed either an atherogenic (ATH)' diet (TD 90221; Food-Tek, Inc., Morris Plains, NJ), containing 15% (wt/wt) fat, 1.25% cholesterol, and 0.5% cholic acid, or standard rodent chow (Purina 5001; RalstonPurina Co., St. Louis, MO). All mice had free access to food and water and were housed in a temperature-controlled facility with a 12-h light and dark cycle. At the time ofdeath, mice were in most cases between 4 and 6 mo old.
Histological analysis. Animals were sacrificed by cervical dislocation after anesthesia (Forane; Anaquest, Madison, WI). Mouse hearts, including the aortic root, were dissected and washed once in phosphate-buffered saline to remove blood. The basal portion of the heart and root of aorta were embedded in OCT compound (Miles Inc., Elkhart, IN) and frozen on dry ice. Serial 10-Mm-thick cryosections ofthe heart tissue, covering the area between the appearance of the mitral 1. Abbreviations used in this paper: AORV, aortic valve leaflets, aortic wall, and ostia of coronary arteries; ATH, atherogenic; ENDO, the endocardium of the four cardiac chambers, including the connective tissue associated with the aortic root anulus; MITV, mitral valve leaflets; PULV, pulmonary valve leaflets; RI, recombinant inbred; TRIV, tricuspid valve leaflets.
valves to the disappearance of the aortic valves, were prepared. Every third section was collected on a poly-L-lysine-coated slide.
To assess cardiac lipofuscin accumulation, unstained cross-sections ofhearts and proximal great vessels were examined by light microscopy for the presence ofyellow-brown lipofuscin pigment granules. We have previously reported the identification of these yellow-brown granules as lipofuscin using a series of histochemical stains ( 13) . Some sections were also examined with a melanin-specific stain and an iron-specific stain to rule out the presence of other pigments. Five structural sites were examined in each mouse heart for the presence of lipofuscin: the aortic valve leaflets, aortic wall, and ostia of the coronary arteries (AORV); mitral valve leaflets (MITV); tricuspid valve leaflets (TRIV); pulmonary valve leaflets (PULV); and the endocardium of the four cardiac chambers, including connective tissue associated with the aortic root anulus (ENDO). The presence of lipofuscin in any one of these five sites was defined as lipofuscin-positive. The amount of cardiac lipofuscin within each site was estimated using the following scoring system: 0 = complete absence of lipofuscin; I = presence of lipofuscin in one section; 2 = presence of lipofuscin in two to three sequential sections; 3 = presence of lipofuscin in four or more sequential sections.
To assess aortic fatty streak lesion development, all sections were stained with oil red O and quantitatively examined for lipid deposition in the wall of the aortic root as previously described (15) (16) (17) ( 19) . The absence ofthis property may be related to the degree of oxidation or polymerization of lipofuscin components. The negative results for iron and melanin staining demonstrate that the pigment is not hemosiderin or melanin.
The distribution of cardiac lipofuscin in mice appears to be similar to that observed in humans (10) . The deposition of lipofuscin in murine cardiac tissue is shown in Fig. 1 (Fig. 1 A) . However, the pigment can be observed in the mitral valve ( Fig. 1 F) (Table II) . The incidence of cardiac lipofuscin among the strains varied from 0 to 100%. In chow-fed animals, a high incidence ( 100% ) of cardiac lipofuscin was observed for the C57BL/6J strain and the congenic strain, B6.C.H-25c, which is identical with C57BL/6J except for a small region of mouse chromosome 1 (14) . Both of the SM/J mice observed had cardiac lipofuscin, while only one out of four NZB/B1NJ mice were positive for lipofuscin. None of the chow-fed C3H/ HeJ, BALB/cJ, A/J, or MRL/MPJ mice examined were cardiac lipofuscin positive.
The incidence and distribution of cardiac lipofuscin was dependent, in part, upon diet. The feeding of a diet high in cocoa butter, cholesterol, and cholic acid (ATH diet) for 15 wk increased the overall incidence of lipofuscin in two unrelated strains, BALB/cJ (13%) and C3H/HeJ (35%), relative to chow feeding (Table II) . The strains that exhibited high incidence of cardiac lipofuscin when fed chow (the C57BL substrains and SM/J strain) also had high incidence after ATH feeding. However, the A/J and MRL strains, which had no incidence of lipofuscin on chow, remained resistant to pigment deposition on the ATH diet. In addition to the effect of diet on total incidence of cardiac lipofuscin, there was a strain-specific trend toward increased incidence at particular cardiac structural sites after 15 weeks of ATH feeding (Table III) . In the C57BL/6J strain, which exhibited 100% total incidence of cardiac lipofuscin whether the mice were fed chow or ATH diet, all of the mice examined had an abundance (mean score = 3) oflipofuscin in the aortic, mitral, and tricuspid valve leaflets, as well as the endocardium ofthe cardiac chambers. In the pulmonary valves, the incidence of lipofuscin was very low (1 / 11 mice) in chow-fed animals, but increased (12/63 mice) in ATH-fed mice. In the C3H/HeJ strain, feeding of the ATH diet induced a moderate incidence of lipofuscin in the pulmonary valves ( The relative resistance to cardiac lipofuscin deposition observed in the pulmonary valves of C57BL/6J mice was also observed in other C57BL substrains (Table IV) . Thus, although there was 100% incidence of lipofuscin at all other sites examined, there was an absence of pigment at the pulmonary valves ofB6.C.H-25c and C57BL/ lOScSnA mice. Similarly, in a substrain of C3H, C3H/DiSnA, the distribution of pigment in lipofuscin-positive mice was similar to that in C3H/HeJ mice. Thus, among the lipofuscin-positive C3H/DiSnA mice, lipofuscin was observed in the pulmonary ( 100% or 2/2 mice) and the aortic ( 1/2 mice) valves, but was absent from all other sites. No cardiac lipofuscin was observed in any of the MRL mice.
The relative amount and distribution of murine cardiac lipofuscin did not appear to be related to sex. For example, in the C57BL/6J strain, both male and female mice had widespread cardiac lipofuscin deposition. Similarly, cardiac lipofuscin in humans is not associated with sex (10) . It is likely that age contributes to lipofuscin deposition, but this aspect was not examined.
Cardiac lipofuscin cosegregates with the albino locus on mouse chromosome 7. To understand the inheritance of cardiac lipofuscin in mice, a cross between B6.C. H-25c (high incidence of cardiac lipofuscin) and BALB/cJ (low incidence of cardiac lipofuscin) was constructed and studied. The incidence of cardiac lipofuscin in the two parental strains and the Fl and F2 progeny is shown in Table V . Lipofuscin deposition was observed in all (9/9) ofthe Fl hybrid mice and approximately three fourths (44/60) of the F2 hybrids. These data indicate that the pattern of inheritance of cardiac lipofuscin is autosomal dominant.
A comparison of the segregation pattern of cardiac lipofuscin with the albino locus (c) on mouse chromosome 7 revealed complete concordance. Thus, all F2 mice that were homozygous (c/c) for the BALB/cJ allele at the albino locus lacked lipofuscin, whereas all mice that were either heterozygous (+ / c) or homozygous (+/+) for the C57BL/6J allele contained lipofuscin (Table IV) . The segregation pattern of the albino locus was determined by coat color as previously described (20) . These results indicate that the genetic determinant of lipofuscin is tightly linked to, or identical with, the albino locus (LOD score = 76).
The tyrosinase gene determines cardiac lipofuscin. The albino locus encodes tyrosinase, the rate-limiting enzyme in melanin synthesis. To test whether the tyrosinase gene itself, rather than a linked gene, was responsible for the control of cardiac lipofuscin formation, we used a strain of C57BL/6J, designated C57BL/6J-c2J12J, that had incurred a spontaneous mutation of the tyrosinase gene. Homozygotes for the c2J allele reflect the classical albino system in which tyrosinase activity is absent (21, 22) and melanosome size is reduced (23) . Both homozygous (c2J/2J) and heterozygous (c2J/+) animals were examined for the presence ofcardiac lipofuscin ( tern of tissue distribution, as well as the relative abundance of lipofuscin, varied from strain to strain. These data reveal significant differences in lipofuscin accumulation among RI strains derived from two nonalbino parental strains. This conclusively demonstrates that there are one or more genetic elements in addition to tyrosinase that regulate the expression of cardiac lipofuscin among inbred strains of mice. A previous study with splenic lipofuscin indicated that certain mutations affecting intracellular organelles, including lysosomes and melanosomes, decreased lipofuscin deposition (24) . We tested one such recessive mutant strain, beige (bg), for effects on cardiac lipofuscin (Table VI) . In contrast to splenic lipofuscin, neither homozygous nor heterozygous C57BL/6J-bg mice exhibited reduced cardiac lipofuscin development.
Cardiac lipofuscin and atherosclerosis susceptibility in mice. In addition to the effect on lipofuscin accumulation, 15-wk feeding ofthe ATH diet results in fatty streak formation in the proximal aortas of certain strains of mice (15) . These le- sions are characterized by an accumulation of lipoproteins, intimal macrophages and foam cells ( 13) , and cholesterol crystals (25) . As with lipofuscin, the relative susceptibility ofdifferent strains of mice to lesion development is genetically determined. For example, C57BL strains are highly susceptible, while C3H/HeJ and BALB/cJ strains are relatively resistant to lesion formation ( 15 ) . To test whether common pathways may contribute to fatty streak and lipofuscin development, several mouse strains were characterized for both traits after 1 5-wk feeding of the ATH diet. Mean aortic lesion area was correlated with lipofuscin incidence (r = 0.94) ( Table IV) . The C57BL substrains, which had 100% incidence of cardiac lipofuscin, were the most susceptible strains to fatty streak development (mean lesion area = 17.8 X 10i3 m2/ section). In the C3H/HeJ and C3H/DiSnA strains, which exhibited moderate incidence of cardiac lipofuscin when fed the ATH diet, the mean lesion areas for each of the strains was significantly less (P < 0.001 and P < 0.04, respectively) relative to C57BL strains. The BALB/cJ strain, which had lipofuscin in only 2/ 15 mice, also exhibited significant resistance to lesion formation (P < 0.004) relative to C57BL mice. The two MRL strains, which exhibited no lipofuscin, were relatively resistant to lesion formation. Based on these observations, as well as data reported by others suggesting that both lipofuscin (1) (2) (3) (4) (5) (6) (7) (8) (9) and fatty streak (26) formation involve lipid oxidation, we hypothesized that these processes may exhibit coordinate control. To investigate this hypothesis, we examined the concordance of lipofuscin and fatty streak formation in ATH-fed BALB/cJ mice, which exhibit incomplete penetrance of both traits. 2/15 BALB/cJ mice had cardiac lipofuscin and both of these mice developed extensive lesions ( 18 X 103, m2/section); none ofthe remaining mice had cardiac lipofuscin or fatty streak development (Fig. 2) . This result is highly significant (P < 0.0001) and suggests strongly that these two traits are influenced by common processes, quite possibly relating to oxidative stress (see Discussion). Since the BALB / cJ mice examined are genetically identical, the incidence of both lipofuscin and fatty streaks in a fraction of the animals must result from unknown developmental differences or environmental influences. A better understanding of these functions would be of considerable interest.
The genetic relationship between cardiac lipofuscin and atherosclerotic lesion development was examined in the (BXH) set of RI strains. Quantitative assessment of aortic fatty streak formation in the (BXH) RI strains revealed nonparental phenotypes (Table VII) , indicating the involvement of multiple independent genetic factors or a major genetic effect with modi- (19, 27) . In contrast to cardiac lipofuscin, the occurrence of splenic lipofuscin in C57BL/6J and related strains was only 10-50%, making genetic analysis difficult. However, analysis of C57BL/ l0ScSn mice, congenic for the c locus, suggested that the albino locus was associated with differences in the incidence ofsplenic lipofuscin ( 12) . The finding of similar patterns of splenic and cardiac lipofuscin among certain strains, and the involvement of tyrosinase in lipofuscin deposition in both tissues, suggests that the genetic (38) . It is noteworthy that the expression of tyrosinase does not appear to be restricted to melanocytes (34) and is subject to complex transcriptional and posttranscriptional regulation (39) (40) (41) . Lipofuscin is frequently associated with atherosclerotic lesions ( 11) , and it has been proposed that the pigment may participate in the disease process (42, 43) . Our results suggest a link between lipofuscin deposition and the development of aortic fatty streaks. Thus, the feeding of an atherogenic diet, required for fatty streak development in laboratory strains of mice, enhanced cardiac lipofuscin. Furthermore, a striking correlation between the occurrence of large fatty streaks and lipofuscin deposition was observed in BALB/cJ mice fed an atherogenic diet. Studies of a set of recombinant inbred strains derived from strains C57BL/6J and C3H/HeJ, however, indicated that at least some of the genetic factors contributing to fatty streak formation and lipofuscin deposition act independently. Accumulating evidence implicates lipid oxidation in the early stages of atherosclerosis (reviewed in references 26 and 44), and it is likely that the deposition oflipofuscin is also a reflection of oxidative stress. Thus, macrophages accumulate lipofuscin-like pigment when incubated with oxidized, low density lipoproteins or polyunsaturated fatty acids (45, 46) . Under certain conditions, lipofuscin may represent a free radical trapping mechanism, protecting cells from oxidative damage (42) whereas, under other conditions, the pigment may exert proinflammatory effects (47) . Whether lipofuscin promotes or retards fatty streak development, or is simply a reflection of oxidative stress, is an important question that remains to be addressed. The mouse model should be useful in testing potential pathophysiologic effects of cardiac lipofuscin accumulation.
